Abstract. Macrophages, a type of immune cell, are the precursors of osteoclasts, and have important roles in bone remodeling and the immune system. In the present study, the RAW264.7 cell line was used as a macrophage model in order to study the macrophage changes during osteoclastogenesis. Receptor activator of nuclear factor κB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) induce the formation of osteoclasts from several precursor cells. Observation of RAW264.7 macrophage osteoclastogenesis under the induction of RANKL and M-CSF revealed that except the few RAW264.7 macrophages that were differentiated into osteoclasts, almost all undifferentiated RAW264.7 macrophages underwent apoptosis. BRL-3A cells have no differentiation ability, and RANKL and M-CSF treatments did not induce BRL-3A cell apoptosis. When osteoprotegerin (OPG) was used to completely inhibit the differentiation of RAW264.7 macrophages to osteoclasts, apoptosis did not occur amongst the RAW264.7 macrophages despite the action of RANKL and M-CSF. Rac1, RhoA and RhoV are apoptosis-associated genes in the Rho guanosine triphosphate (GTP)ase family. Their expression levels were detected using quantitative polymerase chain reaction (qPCR). During the process of osteoclast differentiation, the mRNA expression of RhoV was significantly upregulated, while apoptosis occurred in a large proportion of macrophages. However, when macrophage apoptosis was inhibited by OPG, RhoV expression was significantly downregulated. Conversely, Rac1 and RhoA expression did not vary in correspondence with the apoptotic rate of the RAW264.7 macrophages. In conclusion, differentiation of RAW264.7 macrophages into osteoclasts resulted in their apoptosis. OPG inhibited RAW264.7 macrophage differentiation into osteoclasts, and thereby inhibited the apoptosis of RAW264.7 macrophages. RhoV mediated the apoptosis of RAW264.7 macrophages during osteoclast differentiation.
Introduction
Osteoclasts are cells of the macrophage lineage and are characterized by unique bone resorption activity (1) (2) (3) (4) (5) . Since osteoclasts are terminal cells and possess no proliferation ability, they can only be derived from the differentiation of macrophages (1, 3) . Previous studies indicated that in the presence of receptor activator of nuclear factor κB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF), osteoclasts are able to be formed by the differentiation of several monocyte/macrophage precursors (1, (6) (7) (8) . Osteoclast differentiation and bone resorption is mainly regulated by osteoprotegerin (OPG)/RANKL/receptor activator of nuclear factor κB (RANK) system (9) (10) (11) , in which RANKL and OPG are secreted by osteoblasts (4, 12) . RANKL binds to its receptor activator RANK in the osteoclast precursors, thereby inducing the differentiation of macrophages into osteoclasts. OPG is the decoy receptor of RANKL and competes with RANK to bind RANKL, with antagonist effects to RANK. It is through this mechanism that osteoclast differentiation is inhibited (9, 13) . In addition, OPG promotes the apoptosis of osteoclasts by inhibiting the formation of the ruffled border in mature osteoclasts (14) (15) (16) . However, the effects of OPG on osteoclast precursors in the process of osteoclast differentiation remain to be elucidated.
In relevant studies of osteoclasts, RAW264.7 is the most commonly used osteoclast precursor cell line (12, 17, 18) . Macrophages are the precursors of osteoclasts and also a type of immune cell. Macrophages have important roles in bone remodeling and the immune system (3, 19) . Numerous studies have focused on elucidating the mechanisms underlying the differentiation of macrophages into osteoclasts in the presence of RANKL and M-CSF (6) (7) (8) (9) (10) 20 osteoclasts have not been studied during macrophage-osteoclast differentiation, to the best of our knowledge. Rho guanosine triphosphate (GTP)-ases are among the molecular switches involved in signal transduction by membrane receptors. Rho GTPases contain high-affinity sites that bind to GTP and guanosine diphosphate (GDP). They are activated by GTP binding and are deactivated by GDP binding. Rho GTPases act as molecular switches between the activated and the deactivated states. Rho GTPases are associated with the regulation of various processes in the organisms, including cell apoptosis (21, 22) . The Rho GTPase family comprises 22 members (23), which are divided into a classical type and an atypical type. Rac1 and RhoA are classical Rho GTPases, while RhoV is an atypical Rho GTPase (24, 25) . It has been reported that Rho GTPases, including Rac1 (26), RhoA (24.25) and RhoV (27) , have important roles in cell apoptosis.
In the present study, the changes of RAW264.7 macrophages that did not differentiate into osteoclasts and the function of Rho GTPases in these changes were investigated.
Materials and methods
Morphological observations. RAW264.7 and BRL-3A cell lines were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China).
In order to observe the morphological alterations of RAW264.7 macrophages during the differentiation into osteoclasts, the whole process of osteoclast differentiation was studied. RAW264.7 macrophages were seeded into six-well plates containing α-minimum essential medium (MEM; Gibco Life Technologies, Carlsbad, CA, USA) supplemented with 50 ng/ml M-CSF (Peprotech, Inc., Rocky Hill, NJ, USA) and 60 ng/ml RANKL (Peprotech) at a cell density of 1562.5 cells/cm 2 (identical cell density was used in all experiments). The morphological changes of RAW264.7 were observed by a Hoffman microscope (Leica DMI3000; Leica Microsystems GmbH, Wetzlar, Germany) on days one to four.
To determine the cause of RAW264.7 macrophage apoptosis, the BRL-3A cell line, which has no differentiation capacity, was analyzed in order to distinguish between the potentially toxic activity of RANKL and the differentiation induced by RANKL. Subsequently, RAW264.7 and BRL-3A cells were plated with α-MEM supplemented with 50 ng/ml M-CSF, 60 ng/ml RANKL and 50 ng/ml M-CSF plus 60 ng/ml RANKL. No cytokines were added to cells in the control group. The cells were cultured for four days. The subsequent changes in the macrophages in each group were observed using a Hoffman microscope.
Immunofluorescent staining. In order to further study the association between differentiation and apoptosis, OPG was introduced to inhibit the differentiation of RAW264.7 cells. The RAW264.7 cells were cultured in α-MEM supplemented with 50 ng/ml M-CSF and 60 ng/ml RANKL or 50 ng/ml M-CSF, 60 ng/ml RANKL and 40 ng/ml OPG (Peprotech). The former treatment was the inducer treatment group and the latter was the OPG inhibition group. No cytokines were added to cells in the control group. BRL-3A cells were cultured in α-MEM supplemented with 50 ng/ml M-CSF and 60 ng/ml RANKL. All cells were cultured for four days and were finally fixed in paraformaldehyde for 30 min. Propidium iodide (PI; Sigma-Aldrich, St Louis, MO, USA) and Hoechst 33258 (Sigma-Aldrich) double staining was performed for 15 min, respectively. Images were captured using a Leica DMI3000 inverted fluorescence microscope.
DNA Ladder experiment.
In order to make the present study more rigorous, the DNA Ladder experiment was used to validate the association between differentiation and apoptosis. The RAW264.7 cells were cultured in α-MEM supplemented with 50 ng/ml M-CSF and 60 ng/ml RANKL or supplemented with 50 ng/ml M-CSF, 60 ng/ml RANK and 40 ng/ml OPG. The former was the inducer treatment group, and the latter was the OPG inhibition group. No cytokines were added to cells in the control group. All cells were cultured for four days. DNA extraction was performed using a Wizard Genomic DNA Purification kit (Promega Corporation, Madison, WI, USA). The extracted DNA was separated by 2% agarose gel electrophoresis for 50 min at 90 V. DNA bands were detected by a gel imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Fluorescence quantitative polymerase chain reaction (qPCR)
analysis. In order to study the roles of RhoA, Rac1 and RhoV in the process of RAW264.7 macrophage apoptosis caused by osteoclast differentiation, fluorescence qPCR was used to detect the mRNA expression levels of each.
The mRNA expression levels of RhoA, Rac1 and RhoV were detected during the process of osteoclast differentiation. The RAW264.7 macrophages were cultured by the method described for observing the morphological changes of macrophages during differentiation. mRNA extraction was performed on days 1-4 using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA). Subsequently, reverse transcription was performed using the PrimeScript RT reagent kit with genomic DNA eraser (Takara Bio, Inc., Otsu, Japan). A real-time PCR system (Applied Biosystems 7500, Life Technologies, Foster City, CA, USA) was used to detect mRNA expression levels of Rac1, RhoA and RhoV. The primers were designed using Primer Premier 5 from published gene sequences (http://www. ncbi.nlm.nih.gov/) and shown in Table I .
The expression of mRNA of RhoA, Rac1 and RhoV in undifferentiated, differentiated and differentiation-inhibited RAW264.7 macrophages was detected. RAW264.7 cells were seeded into a six-well plate using the method described in the DNA Ladder experiment. The cells were cultured for four days, following which mRNA extraction and reverse transcription were performed. The mRNA expression levels of Rac1, RhoA and RhoV were detected using qPCR.
Statistical analysis. In the present study, each experiment was conducted in triplicate. The mRNA expression level results were analyzed by comparison of their 2 -ΔΔCt values. Results are represented statistically as the mean ± standard deviation. Significance was assessed using one-way analysis of variance (ANOVA). The results were compared between groups using ANOVA and Fisher's least significant difference post-hoc tests following appropriate transformation to normalized data and equalized variance where necessary. Statistical analysis was performed using Statistical Analysis System (SAS) 9.1.3 (SAS Institute, Inc., Cary, NC, USA); P<0.05 and P<0.01 were considered to indicate a statistically significant difference between values. In the qPCR experiments for osteoclast differentiation, comparisons were made among the expression levels of Racl, RhoA and RhoV at different stages of differentiation. In the qPCR experiment observing the effects of OPG on undifferentiated RAW264.7, comparisons were made between the expression of Racl, RhoA and RhoV within the inducer group and the control group, along with that between the inducer treatment group and OPG inhibition group.
Results
Process of osteoclast differentiation. The various changes of the cells in the induction group were observed on days 1-4 using a Hoffman microscope. As indicated in Fig. 1A , the number of RAW264.7 macrophages increased with the extension of induction time. No osteoclasts were produced in the first three days. On day four, a large number of osteoclasts had developed. Simultaneously, there was a notable level of apoptosis of RAW264.7 cells.
In order to investigate the roles of Rac1, RhoA and RhoV in the apoptosis of RAW264.7 cells that did not differentiate into osteoclasts, the mRNA expression of Rac1, RhoA and RhoV was detected by qPCR. As indicated in Fig. 1B , the mRNA expression of Rac1 and RhoA was maintained at a constant level following day two, where a slight upregulation was observed. The mRNA expression of RhoV was continually upregulated with the extension of the induction treatment. The mRNA expression of RhoV on day four was almost 30 times that of the expression levels on day one.
Effects of M-CSF, RANKL and the combination of the two inducers on cell differentiation and apoptosis.
The effects of M-CSF and RANKL alone and the combined use of the two inducers on the cell differentiation and apoptosis were investigated by observing changes in the cells of each group following four days of culture using a Hoffman microscope. The BRL-3A liver cells were used as the control to discriminate between the apoptosis-inducing effect of the inducers and the apoptosis caused by the differentiation of RAW264.7 cells.
As indicated in Fig. 2 , following four-day culture in α-MEM supplemented with RANKL or supplemented with RANKL and M-CSF, RAW264.7 cells in the two groups demonstrated a scattered distribution. A large amount of Fig. 1A . In the control group and the M-CSF treatment group, the cells grew in aggregates, no osteoclasts were produced and no apoptosis of RAW264.7 cells was observed. BRL-3A cells have no differentiation ability. In all four groups of BRL-3A cells, cell growth was normal and no apoptosis was observed as in the case of RAW264.7. It was also found that the cell count in the four groups receiving M-CSF treatment was higher than that in the groups without M-CSF treatment. This is because M-CSF promotes the division and proliferation of macrophages.
Detection of cell apoptosis in the control, inducer treatment and OPG inhibition groups by DNA Ladder.
The 200 bp DNA ladder is a marker that differentiates cell necrosis from cell apoptosis. DNA fragmentation was detected in the control, M-CSF+RANKL and OPG+M-CSF+RANKL groups to reveal the effects of osteoclast differentiation on the apoptosis of RAW264.7 macrophages. The DNA Ladder was produced in the M-CSF+RANKL group, but not in the OPG+M-CSF+RANKL or control groups (Fig. 3) .
Detection of RAW264.7 cell apoptosis by Hoechst 33258 and PI double staining.
PI and Hoechst 33258 bind to nuclear DNA. PI is unable to pass through the cell membrane of live cells, while Hoechst 33258 is a membrane-permeable fluorescent dye. For those cells in necrosis or late-stage apoptosis, the cell membrane is damaged and therefore, the respective cell is stained red by PI. The effects of the differentiation of RAW264.7 macrophages on their apoptotic rate was further studied by PI and Hoechst 33258 double staining. As exhibited in Fig. 4 , the BRL-3A cells were not stained by PI in the M-CSF+RANKL treatment group, which indicated that no apoptosis of BRL-3A cells occurred in the presence of the inducers. This result was consistent with that exhibited in Fig. 2 . Following M-CSF and RANKL treatments alone, a large number of RAW264.7 macrophages were stained red by PI. This indicated that marked apoptosis had occurred in RAW264.7 cells following the induction. Conversely, the cells in the control group and the OPG inhibition group were not stained by PI. This indicated that no apoptosis of the cells occurred in these groups, consistent with the results of the DNA Ladder detection experiment (Fig. 3) .
mRNA expression levels of Rac1, RhoA and RhoV in the control, inducer treatment and OPG inhibition groups. In order to investigate the roles of Rac1, RhoA and RhoV in the process of RAW264.7 cell apoptosis caused by RAW264.7 differentiation, mRNA expression of Rac1, RhoA and RhoV was detected using qPCR in the control, M-CSF+RANKL treatment and OPG+M-CSF+RANKL groups (Fig. 5) .
It was demonstrated that the mRNA expression of Rac1 and RhoA exhibited significant decreases in the inducer treatment and OPG inhibition groups. Conversely, RhoV mRNA expression was significantly upregulated in the inducer treatment group. Compared with the inducer treatment group, RhoV mRNA expression was significantly downregulated in the OPG inhibition group. Effects of M-CSF, RANKL and the combination of the two inducers on the apoptotic rate of RAW264.7 and BRL-3A cells. The cells were photographed using an inverted microscope following four days of culture (magnification x200). M-CSF, macrophage colony-stimulating factor; RANKL, receptor activator of nuclear factor κB ligand.
Discussion
In the present study, the effects of osteoclast differentiation on RAW264.7 macrophages were investigated. With the exception of a number of RAW264.7 macrophages which differentiated into osteoclasts following RANKL and M-CSF induction, nearly all RAW264.7 macrophages underwent apoptosis. It was also observed that when OPG was used to inhibit the differentiation of RAW264.7 macrophages, the apoptosis of RAW264.7 macrophages was inhibited. Furthermore, RhoV was the mediator of the apoptosis of RAW264.7 macrophages caused by their differentiation. In bones, RANKL and M-CSF are produced by cells of osteoblastic lineage. RANKL and M-CSF are able to activate a series of complex reaction of macrophages and induce their differentiation into osteoclasts. The oversecretion of RANKL and M-CSF leads to the abnormal proliferation of osteoclasts and hence a variety of bone diseases, including rheumatoid arthritis, osteoporosis and multiple myeloma (2, 28) . There is a reduction in estrogen levels in females in the menopausal period (29) , which leads to an increase in RANKL expression. Therefore, this results in excessive differentiation of macrophages into osteoclasts (30, 31) . According to existing studies, the probability of occurrence of various diseases was increased during the menopausal period due to decreased immunity (32) (33) (34) (35) . Unexpectedly, a large amount of osteoclasts were produced on day four, under the induction of RANKL and M-CSF. Simultaneously, a considerable amount of apoptosis of RAW264.7 macrophages occurred. Subsequently, the effects exposure to of M-CSF and/or RANKL on the apoptosis of RAW264.7 macrophages were studied. It was found that the undifferentiated RAW264.7 macrophages underwent apoptosis in the two groups receiving RANKL treatment. This process was accompanied by the production of large quantities of osteoclasts. In order elucidate whether the cause of the apoptosis of RAW264.7 macrophages was RANKL induction or differentiation of RAW264.7, the BRL-3A cell line, which has no differentiation capability, was used as a control group. The results indicated that neither RANKL nor M-CSF induced the apoptosis of BRL-3A cells. Furthermore, RANKL itself is a substance produced in normal organisms. These combined results indicated that the differentiation of RAW264.7 macrophages induced the observed apoptosis. Whether the high levels of apoptosis of macrophages are the direct reason for the low immunity associated with the menopausal period remains to be elucidated by further experiments.
OPG is also produced by cells of osteoblastic lineage, and is able to inhibit the differentiation of macrophages into osteoclasts (9, 11) . To verify the hypothesis that the differentiation of RAW264.7 macrophages caused their apoptosis, OPG was added into the RANKL+M-CSF induction treatment group in order to inhibit the differentiation of RAW264.7 macrophages. PI and Hoechst 33258 double staining and DNA Ladder experiments were performed. In the inducer treatment group, a large amount of undifferentiated RAW264.7 macrophages experienced apoptosis. However, in the OPG inhibition group and the control group without any cytokines, no apoptosis of RAW264.7 macrophages was observed. These results indicated that the differentiation of RAW264.7 macrophages into osteoclasts itself induced apoptosis. By inhibiting the differentiation of RAW264.7 macrophages, OPG inhibited the differentiation-dependent RAW264.7 apoptosis.
Rho GTPases regulate diverse metabolic processes in cells, including dynamic changes of the cytoskeleton, cell adhesion, gene expression and cell apoptosis (21, 26, 36, 37) . Rho GTPases, including RhoA, Rac1 and RhoV, have important roles in cell apoptosis (24) (25) (26) (27) . The mRNA expression levels of RhoA, Rac1 and RhoV during the process of osteoclast differentiation were detected in order to investigate the effects of the inducers RANKL and M-CSF, and the inhibitor OPG on the apoptotic rate of RAW264.7 macrophages. Of note, the apoptosis of undifferentiated RAW264.7 macrophages occurred on day four of the culture. Compared with day one, the mRNA expression of RhoA and Rac1 on day four demonstrated only minor upregulation and subsequently remained at this level. In the qPCR experiment examining the effects of OPG on undifferentiated RAW264.7, the mRNA expression levels of RhoA and Rac1 showed significant downregulation in the inducer treatment groups and OPG inhibition group compared with those in the control group. This change was inverse to the apoptotic rate of the cells. It was demonstrated that the apoptotic rate of RAW264.7 macrophages induced by their differentiation did not necessarily involve the action of RhoA and Rac1. However, on day four, when high levels of apoptosis of RAW264.7 cells were present, the mRNA expression of RhoV was significantly upregulated. In the Hoechst 33258 and PI double staining experiment, and the DNA Ladder experiment, compared with the control group and OPG inhibition group where no apoptosis occurred, the cells in the inducer treatment group experienced notable apoptosis. The mRNA expression of RhoV was also significantly upregulated, corresponding to the apoptotic rate of the cells. These results demonstrated that RhoV had an important role in regulating the apoptosis of RAW264.7 macrophages caused by their differentiation.
In the present study, the apoptotic rate of RAW264.7 macrophages in the presence of RANKL was investigated. RANKL induced the differentiation of RAW264.7 macrophages into osteoclasts. In conclusion, it was demonstrated that the differentiation of RAW264.7 macrophages itself was the cause of the high levels of apoptosis. The addition of OPG inhibited the differentiation of RAW264.7 macrophages into osteoclasts, which thereby inhibited the apoptosis of RAW264.7 macrophages. Additionally, in the process of osteoclast differentiation, RhoV mediated the RAW264.7 macrophage apoptosis.
